Abstract Right ventricular failure (RVF) is the leading cause of death in pulmonary arterial hypertension (PAH). Some patients with pulmonary hypertension are adaptive remodelers and develop RV hypertrophy (RVH) but retain RV function; others are maladaptive remodelers and rapidly develop RVF. The cause of RVF is unclear and understudied and most PAH therapies focus on regressing pulmonary vascular disease. Studies in animal models and human RVH suggest that there is reduced glucose oxidation and increased glycolysis in both adaptive and maladaptive RVH. The metabolic shift from oxidative mitochondrial metabolism to the less energy efficient glycolytic metabolism may reflect myocardial ischemia. We hypothesize that in maladaptive RVH a vicious cycle of RV ischemia and transcription factor activation causes a shift from oxidative to glycolytic metabolism thereby ultimately promoting RVF. Interrupting this cycle, by reducing ischemia or enhancing glucose oxidation, might be therapeutic. Dichloroacetate, a pyruvate dehydrogenase kinase inhibitor, has beneficial effects on RV function and metabolism in experimental RVH, notably improving glucose oxidation and enhancing RV function. This suggests the mitochondrial dysfunction in RVH may be amenable to therapy. In this mini review, we describe the role of impaired mitochondrial metabolism in RVH, using rats with adaptive (pulmonary artery banding) or maladaptive (monocrotalineinduced pulmonary hypertension) RVH as models of human disease. We will discuss the possible mechanisms, relevant transcriptional factors, and the potential of mitochondrial metabolic therapeutics in RVH and RVF.
Introduction
Right ventricular failure (RVF) is the leading cause of death in patients with pulmonary arterial hypertension (PAH). PAH patients admitted to intensive care units with RVF have a 41% acute mortality rate [1] . Current treatment regimens for RVF are empirical and include digoxin, lasix, and intravenous inotropes. The fact these regimens vary widely amongst institutions and lack a basis in evidence from randomized clinical trials reflects an ignorance of the pathophysiology of RVF. The problem of RVF is not restricted to PAH patients. Most heart failure patients, regardless of etiology, develop a component of RVF. RV ejection fraction (EF) is "the single most important predictor of short-term prognosis in a large cohort of CHF patients who had symptoms in spite of a standardized, optimized, multipharmacologic treatment" [2] . However, the importance of preserving RV function is especially evident in PAH, where RV function trumps pulmonary vascular resistance (PVR) and other measures of pulmonary vascular obstruction as a prognostic factor [3] . Despite the significance of RVF to survival, there are no therapies that directly and selectively improve RV function and the basis for RV failure is poorly understood.
Understanding the basis for RVF and developing effective therapies has huge public health relevance. In our opinion, there is confusion in the literature because of a view that the RV is a passive responder to increased afterload (PVR). Although a cure for PAH will require regression of pulmonary vascular lesions, substantial improvement in longevity and functional state can be expected with an effective treatment for RVF, much as has transpired in LV failure.
In patients with RVH due to PAH, myocardial scintigraphy suggests that the degree of RV ischemia is highly correlated with RV dysfunction [4] . There are two potential explanations for RV ischemia in RVH and they are not mutually exclusive. The simplest holds that right coronary artery perfusion pressure (Ao-RV pressure difference) is reduced. The second holds that it is the loss of small vessels (arteriolar-capillary rarefaction), rather than reduced coronary perfusion pressure, that is the main driver of RV ischemia in RVF (Fig. 1) . Van Wolferen et al. found that in patients with PH, coronary artery flow (RCAF) is reduced during systole, but is preserved in diastole. However, they noted that the mean RCAF is decreased in severe RVH [5] . The reduced mean RCAF is strongly and directly correlated with RV systolic pressure (RVSP) and RV mass. While severe reduction in coronary perfusion pressure can reduce RV function, RV contractile function remains constant until perfusion pressures fall below 50 mmHg [6] , which is rare, save in the worst PH. Thus, it is controversial whether reduced epicardial coronary perfusion pressure is the cause of ischemia that elicits the metabolic switch that we believe ultimately leads to RVF. It appears as or more likely that capillary rarefaction may lead to microvascular ischemia. We base this notion on published data showing capillary rarefaction is more common in maladaptive RVH [7] and on our own unpublished data, which show that epicardial perfusion pressure is reduced similarly in adaptive (pulmonary artery banding, PAB) and maladaptive (60 mg/kg monocrotaline-induced) RVH, suggesting another factor, capillary rarefaction, is a more important determinant of ischemia.
Positron emission tomography (PET) studies suggest that there is increased RV glucose uptake in patients and animals with RVH [8] . This increased uptake of fluorodeoxyglucose (FDG) is thought to reflect enhanced glycolysis. The less efficient production of ATP by glycolysis in RVH (which leads to the formation of lactate, rather than pyruvate and thus does not fuel Krebs' cycle) is incompletely compensated for by increased expression/activity of glucose transporters, such as Glut1. The concordant development of excessive glycolysis and ventricular dysfunction in both rat and human RV during the development of severe RVH suggests dysfunction of mitochondrial metabolism is a pathologically relevant feature of RVF [8] [9] [10] . We speculate that increased glycolysis is insufficient to compensate for suppression of glucose oxidation in severe RVH, resulting in a state of RV hibernation. The term hibernating myocardium refers to hearts in which impaired ventricular metabolism and contractility are the result of a chronic reduction in coronary flow that is insufficient to cause infarction but which impairs function. Our observation in monocrotaline-induced RVH is consistent with hibernation of the RV (i.e., increased RV FDG uptake, reduced O 2 consumption and enhanced glycolysis with reduced RV EF-all improved by restoring glucose oxidation) [9] . Studies in monocrotaline and PAB rats with RVH show that that mitochondrial dysfunction and decreased glucose oxidation reflect (in part) the activation of pyruvate dehydrogenase kinases (PDKs) [9] . PDKs phosphorylate and inhibit pyruvate dehydrogenase (PDH; Fig. 2 ). Inhibition of PDH prevents pyruvate from entering the Kreb cycle and obligates the myocyte to derive energy from glycolysis. This glycolytic shift seems to be common to many forms of RVH and can be identified noninvasively by increased FDG uptake on PET scans. The mitochondrial metabolic switch from glucose oxidation to glycolysis is associated with the impairment of RV function (reduced RV contractility and cardiac function) [9] . Understanding the basis and consequences of this metabolic switch in RVH may help suggest therapeutic strategies to improve RV function.
Substrate and oxygen utilization in normal RV
Glycolysis and glucose oxidation are the major sources of ATP production in the fetal heart which is exposed to low circulating fatty acid levels [11] . Fatty acid oxidation (FAO) becomes the major source of energy production (60-90%) after birth. Nonetheless, glucose metabolism remains important, accounting for 10-40% of ATP production [12] . In various cardiac diseases, including RVH, the metabolic fate of glucose is altered because mitochondrial metabolism is actively (and reversibly) suppressed. Glucose metabolism begins with glycolysis, a cytosolic process that converts glucose to pyruvate in the cytosol. In the normal adult RV, glycolysis provides pyruvate to PDH. If the PDH complex in mitochondria is active (i.e., expressed at normal levels and not inhibited by PDKs), this pyruvate enters the mitochondria and is converted to acetyl-COA, fueling the Krebs cycle [13] . However, if pyruvate cannot be used by mitochondrial PDH to fuel oxidative phosphorylation, only two ATP molecules/glucose are obtained (versus 36 or 38 ATP during glucose oxidation) and lactate is the end product of glycolysis, resulting in acidosis.
There is a competitive relationship between the oxidation of fatty acid and glucose [13] (see Fig. 2 ). Increased FAO inhibits glucose oxidation, a phenomenon referred to as "Randle Cycle." The mechanism for this feedback inhibition is multifactorial and includes at least three factors: inhibition of phosphofructokinase by FAO-mediated citrate production; hexokinase inhibition, which reflects accumulation of glucose-6-phosphate; and inhibition of PDH activity caused by FAO-mediated acetyl-CoAaccumulation, which activates PDKs. We hypothesize that the Randle cycle can be exploited in RVH. In left ventricular ischemia, partial inhibition of FAO reduces lactate production, increases glucose oxidation, and enhances left ventricular (LV) contractility by augmenting regional contractile power and efficiency, implying the therapeutic potential of the Randle cycle [14] . This benefit is consistent with the observation that FAO costs about 12% more oxygen per unit of ATP generated, suggesting a switch to glucose oxidation may more efficiently use the limited oxygen that is available [15] . Whether inhibiting FAO can enhance glucose oxidation and improve RV function has not been tested in RVH. However, it is plausible that FAO inhibitors and PDKs inhibitors may, through unique mechanisms, both enhance mitochondrial function in RVH.
Mitochondrial metabolic adaptation in RVH
The RV has a lower oxygen requirement at rest and concordantly has lower resting coronary blood flow compared to the LV. The elevation in RV mass is the predominant adaptation to increased afterload in PH. With this comes a greater oxygen requirement. Hypertrophied RV has lower oxygen extraction reserve than normal RV and a higher dependence on coronary flow [16] , suggesting an inefficient oxygen utilization despite a greater net oxygen demand. Isolated RV tissue, both in monocrotaline and PAB-induced RVH, shows lower glucose-based O 2 consumption/g of myocardium in RVH [9] . This appears to reflect the consequence of impaired mitochondrial glucose oxidation, since O 2 consumption is restored by inhibiting PDKs and elevating PDH activity [9] .
Recognition that there is a switch in RV metabolism from oxidation of glucose to glycolysis dates back to the early 1970s. Bishop et al. discovered increased glycolysis (measured as increased lactate production in RV homogenate) and increased lactate dehydrogenase (LDH2 and LDH3) in RVH induced in dogs by PA banding [17] . Recent studies in humans and in animal models document the elevation of glycolysis in RVH using FDG PET scans. 18 FDG, a tracker of glucose uptake, accumulates in RV myocardium in humans with PAH [8] . In experimental RVH, FDG accumulation occurs primarily once there is severe RVH. However, FDG uptake occurs both in adaptive and maladaptive RVH models [9] . Consistent with this, there is upregulation of the Glut1 transporter in both monocrotaline and PAB-induced RVH [9] . The notion of a glycolytic shift in the RV is directly proven by increases in the rate of RV glycolysis in RVH, as measured in the RV working heart using the dual isotope metabolic technique (Fig. 3 ) [9] . Abnormal mitochondrial function in RVH is further evidenced by the observation that the mitochondrial membrane potential in RV myocytes is hyperpolarized [18] . While glucose oxidation is abnormal in RVH, changes in fatty acid metabolism are less clear. In RVH induced by chronic hypoxia, Sharma et al. examined the hypothesis that increased afterload would reactivate the fetal gene transcriptional profile. They observed substrate switching from fatty acids to glucose during early hypoxia; however the substrate preference reverted back to fatty acids by 2 weeks [19] . They observed dynamic changes of mRNA and protein for peroxisome proliferator-activated receptor (PPAR), a nuclear receptor that is considered to be a key regulator of substrate switching in the hypertrophied heart and medium-chain acyl-CoA dehydrogenase (MCAD), a PPAR-regulated gene. They interpreted this as a potential basis for the observed switching in substrate utilization but did not directly measure the rate of FAO [19] . In a small group of World Health Organization category I and III PH patients (versus normal controls), single photon emission computed tomography, using the fatty acid analog 123 I β-iodophenyl pentadecanoic acid and 201 Tl, demonstrated that RV FAO was impaired in severe (but not in mild) RVH [20] . FAO impairment was correlated with the reduced RV EF. Buermans et al. also reported the downregulation of carnitine palmitoytrasferase-1 β, a transporter subunit for long-chain fatty acid entering into mitochondria, in both adaptive and maladaptive RVH induced by low (20 mg/kg) and high (80 mg/kg) monocrotaline. This suggests that a reduction of FAO and switch to glucose metabolism occur with the development of RVH [21] . The above studies of FAO do not paint a consistent picture of the changes in FAO in RVH, indicating a need for further research, both in animal RVH models and in patients with RVH. As with the study of glucose oxidation, employing models of adaptive versus maladaptive RVH and being mindful of the temporality of metabolic changes will be important. Fig. 2 The interaction between glucose oxidation and fatty acid oxidation. Glycolysis: The glucose transporters (Glut1 and Glut4) transport glucose into the cytosol. Hexokinase (HK) generates glucose-6-phosphate, thus lowering glucose concentrations and maintaining the driving gradient for ongoing glucose uptake via the glucose transporters. After several steps of reactions, Glucose-6-P is converted to pyruvate. Lactate is produced from pyruvate by lactate dehydrogenase A (LDHA). Glucose oxidation: The pyruvate dehydrogenase (PDH) complex converts pyruvate (derived from glycolysis) to acetylCoA in the mitochondrion, thus allowing it to enter the Krebs' Cycle. PDKs activation inhibits PDH and blocks glucose oxidation. Fatty acid oxidation: Free fatty acid is transported into the cytosol by fatty acid transporters FATP1 and FATP6 and is converted to fatty acylCoA. Fatty acyl-CoA is transported by carnitine palmitoyltransferase 1 (CPT1) and carnitine palmitoyltransferase 2 (CPT2) into mitochondria and undergoes β-oxidation. Acetyl-CoA derived from β-oxidation then enters the Krebs' cycle. The increase in acetyl-CoA increases citrate levels, which inhibits glycolysis and activates PDKs (thereby inhibiting glucose oxidation). Either the inhibition of PDKs by dichloroacetate or the inhibition of β oxidation by trimetazidine and ranolazine could improve glucose oxidation
Energetic changes in RVH
Due to the mitochondrial metabolic switch from energy rich oxidative metabolism of glucose and FAO to glycolysis, the energy supply in RVH ultimately becomes unsupportable, leading to RVF. However, the combination of reduced O 2 consumption and glycolysis appears adequate to compensate at least for a time. Evidence for this idea is supported by observations of high energy phosphates in ferret hearts, made 4-6 weeks after PAB. In this study in Langendorff hearts, Do et al. showed that the hypertrophied RV had lower levels of creatine phosphate (−46% versus control) but preserved ATP levels [22] , likely related to the enhanced glycolysis (as evidenced by increased activities of hexokinase (+26%), aldolase (+212%), pyruvate kinase (+14%), and glucose 6-phosphate dehydrogenase (+107%)) [22] . Global ischemia was better tolerated (as measured by preservation of ATP concentration), in RVH versus control hearts, perhaps related to the lower reliance on oxidative metabolism. Nonetheless, the authors calculated that there is still a 53% decrease in energy reserve, suggesting an insufficient energy supply to fully compensate for the increased RV mass and afterload. Moreover, PAB is an adaptive (well-tolerated) form of RVH.
In a maladaptive RVH model (rats studied 6 weeks after injection of monocrotaline), both ATP production and phosphocreatine levels decline [23] . Thus, in some models, the observed impairment of mitochondrial metabolism leads to insufficient ATP production, which together with acidosis caused by glycolysis, impairs RV contractility.
Electrical consequences of metabolic changes in RVH
The prolongation of action potential duration (APD) and QT interval in the LV can lead to ventricular tachycardia, cardiac arrest, or sudden death [24] . Several studies have shown that there is electrical remodeling in RVH; however, the consequences of this electrical change are unknown. In monocrotaline-induced RVH, prolongation of APD and the QT interval corrected for heart rate (QTc) have been noted [25] . Consistent with this, prolonged QTc intervals have been reported in the patients with PAH [26] . The down- [27, 28] . Our work shows that prolongation of APD and QTc only occurs once a critical level of RVH was achieved and is the consequence of reduced expression of specific repolarizing potassium channels, notably Kv1.2, Kv1.5, and Kv4.1 [9] . This study also provided evidence that the electrical changes were metabolically regulated. We showed that dichloroacetate could normalize both APD and QTc while partially restoring Kv channel expression (Fig. 4) [9] . Nonetheless, the relevance of APD prolongation to the RV function and arrhythmogenesis in RVH remains unclear.
Mechanisms of initiating and sustaining maladaptive mitochondrial metabolic adaptation in RVH

Capillary rarefaction and myocardial ischemia
The potential contribution of ischemia due to reduced coronary perfusion pressure to RV dysfunction has been demonstrated in acute PAB models (Fig. 1) [29] . Patients with PAH and RVF often present with evidence of myocardial ischemia. They experience angina-like chest pain, have elevated brain natriuretic peptide levels, and once they progress to having RV failure, frequently have small leaks of troponin, which indicate a poor prognosis [30] . The right coronary artery (RCA), which perfuses the RV, is particularly sensitive to high RVSP, since its flow occurs primarily in systole. Whether reduced RCA perfusion pressure (due to elevated RVSP) is a major cause of ischemia in PH is uncertain (although it likely contributes). RV ischemia can also be explained by RV capillary rarefaction. Decreased capillary density and vascular endothelial growth factor (VEGF) expression have been noted in two maladaptive RVH models (one induced by monocrotaline, the other by chronic hypoxia and the VEGF receptor inhibitor, SU4416) [31] . Bogaard et al. also found the activation of Akt1, a protein kinase that is involved in cellular survival pathways and hypoxia-induced factor-1α (HIF-1α) are associated with reduced VEGF expression and capillary density in maladaptive RVH [7] . We propose that reduced capillary density in RVH, perhaps exacerbated by reduced coronary perfusion pressure, fails to supply sufficient oxygen to support the increases in net RV oxygen demand in RVH in maladaptive RVH, stimulating the glycolytic shift.
Transcriptional upregulation of glycolysis and suppression of glucose oxidation (Figs. 1 and 2) When supply of oxygen from the coronary artery fails to meet demand, myocytes adapt to low oxygen conditions by activating HIF-1α [32] . HIF-1α activation favors glycolysis by increasing transcription of Glut1, hexokinase, and lactate dehydrogenase kinase (as observed in RVH). This may account for the observed increase in glucose uptake and lactate production in RVH. At the same time, by activating transcription of PDKs genes, HIF-1α inhibits glucose oxidation [33] . Activation of HIF-1α has been reported in RVH induced by monocrotaline [34] and chronic hypoxia [7] . In chronic hypoxic RVH activation of HIF occurs in parallel with increased VEGF expression [7] . In our unpublished work in maladaptive RVH, there is a suppression of VEGF, consistent with the notion of capillary rarefaction. In monocrotaline-induced RVH [34] , the activation of HIF-1α is highly correlated with complex II-associated production of reactive oxygen species in RVH, suggesting mitochondrial dysfunction may be caused by the activation of HIF-1α [34] .
Another transcriptional mechanism for the metabolic switch in RVH, and one that can act cooperatively with HIF-1α, is the activation of the oncogene Myc. Myc activation has been detected 2 h after PA banding [35] . Although there is no direct evidence of the involvement of Myc in the metabolic switch in RVH, it has been reported that Myc mediates the hypertrophic growth in cardiac myocytes [36] . The role of Myc and HIF-1α as transcriptional mediators of the glycolytic shift in RVH merits further study.
By the administration of different doses of monocrotaline, Buermans et al. demonstrated maladaptive RVH model is accompanied by the activation of p38-MAP kinase (MAPK), a stress-responsive protein kinase. Conversely, in adaptive RVH (rats exposed to low-dose monocrotaline which caused somewhat milder hypertrophy and no mortality within 12 weeks), there was no p38-MAPK activation [21] . p38-AMPK activation elevates glycolysis and limits cardioprotection in ischemic rat hearts and in acute studies, the p38-MAPK inhibitor, SB-202190, decreases glycolysis, and restores cardiac function [37] . The function of p38-MAPK on mitochondrial metabolism in RVH needs to be further addressed.
Targeting the mitochondria to reverse RVH and improve RV function
The recognition that the mitochondrial metabolic shift in RVH is reversible has therapeutic consequences [9] . Our prior work suggests that enhancing glucose oxidation improves RV function in experimental RVF. Here we propose two mitochondrial targeted therapies for RVH and RV failure: PDKs inhibition and partial inhibition of FAO.
Dichloroacetate-PDKs inhibition
Activated PDKs phosphorylate and inhibit PDH. This inhibits formation of acetyl-CoA and therefore slows Krebs' cycle, accounting for the reduced O 2 consumption/g tissue in RVH and reduced energy production (Fig. 2) [38] . PDH phosphorylation in MCT RVH, and its consequences, can be reversed with dichloroacetate. Both in monocrotaline and PAB-induced RVH, dichloroacetate reduces PDH phosphorylation and improves glucose oxidation [9] . Moreover, dichloroacetate reduces the upregulated expression of Glut1, partially restores Kv1.5 channel expression, and shortens the prolonged APD and QTc (Figs. 3 and 4) . As a consequence of these effects, dichloroacetate increases cardiac output and improves cardiac function in RVH [9] . Intriguingly, as described in this issue by Michelakis et al., these beneficial effects also occur in the pulmonary vasculature, where PDKs inhibition is well established to reduce PVR by inhibiting proliferation of pulmonary artery smooth muscle cells and by promoting apoptosis [39] . Thus PDKs inhibition is a strategy that should be well suited for a clinical trial in patients with PH and RVF.
Trimetazidine and ranolazine-partial inhibition of fatty acid oxidation One may be able to exploit the Randle cycle to enhance glucose oxidation. Although no study on the beneficial effects of trimetazidine and ranolazine has been published in RVH, both inhibitors improve cardiac function in LVH, ischemic heart, and heart failure. Moreover, preliminary data indicate that trimetazidine may be beneficial in PABinduced RVH. Trimetazidine, a long-chain 3-ketoacyl coenzyme A thiolase, is used in Europe to treat refractory ischemia (Fig. 2) [40] [41] [42] [43] . In 19 nondiabetic patients with idiopathic dilated cardiomyopathy, randomized to single- blind trimetazidine (n=12) or placebo (n=7) for 3 months, PET studies (using palmitate and acetate tracers) showed that trimetazidine caused a modest (∼10%) decrease in FAO without altering myocardial oxidative rate, implying a compensatory increase in the oxidation of glucose [44] . Another partial inhibition of fatty acid oxidation, ranolazine, is approved for refractory ischemia in America [45] [46] [47] (although there is some controversy whether it works through inhibition of FAO and activation of PDH [48] [49] [50] ). Ranolazine inhibits FAO leading to decreased acetyl-CoA and activation of PDH [48] . McCormack et al. has confirmed the activation of PDH and the stimulation of glucose oxidation by ranolazine in ischemia and/or reperfusion models [49] . It has been reported that in canine hearts with experimentally induced heart failure, ranolazine improves abnormal depolarization and contractility [51] . In rats with chronic heart failure induced by myocardial infarction, ranolazine did not improve exercise capacity, although it reduced lactate production [52] .
Preclinical study of trimetazidine and ranolazine as a means of promoting glucose oxidation and improving RV function in experimental RVH are underway in our laboratory. Clinical trials of PDKs and FAO inhibitors in PH and RVH are desirable in light of the current limitations in the therapy for RVF.
There are other ways of intervening on mitochondria to improve RV function, in addition to metabolic modulation. For example, EUK-1340, a superoxide dismutase and catalase mimetic, has shown beneficial effect in decreasing RV oxidative stress and preventing the development of cardiomyocyte hypertrophy and fibrosis by scavenging ROS [53] .
Summary
In RVH, there is a mitochondrial metabolic switch from glucose oxidation to glycolysis due to myocardial ischemia. Transcriptionally mediated increases in glycolysis may temporarily preserve the energetic balance, but ultimately this becomes maladaptive. The mitochondrial dysfunction in RVH is reversible and both PDKs and FAO inhibitors may offer selective strategies for improving RV function.
